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Detection of Scattering Layers in the Upper
Atmosphere (60-140 km) by Optical Radar

_ ommunication reports observations made by us
. of optical echoes from atmospheric constituents (pre-
- sumably dust) at heights of 60—140 km. They were detec-

ted with an optical radar. The techniques utilized are a

~ development of those alr hy stz

W;CAdmigned ruby
laser delivering short pulses of approximately 50 nsee,
0-5 joule at A=6,940 A; of a transmitting refracting

telescope of 7-5-cm diameter and 201-em foea
ot SCOpe o -em diameter and 270.

cm focal length, and of a photometer utilizing a 20-4 wide
interference filter and a cooled EMI 9,558 4 photomulti-
plier. The two telescopes are accurately boresighted and
rigidly connected on an equatorial mount. AIll observa.-
tions reported here were made with the telescopes looking
at the zenith. Each time that the laser
return signals picked up by the photomultiplier were
displayed on an oscilloscope and photographed. The
return signals originating above 30 km wore 80 weak that
it was possible to count individual photoelectrons in each
10-km (66-usec) interval up to 180 km. These experi-

| ments were carried out during the months of June and

b,

July 1963 at Lexington, Massachusetts. They show the

i Rayleigh molecular scattering at heights up to 50-60 km,
| At greater heights—up
i were detected which we

!

i latter echoes appear to
. 60-90 ki (often about 80 km) and 110-140 km (often

to 140 km—very weak echoes
ascribe to dust clouds. These
come from two main regions:

about 120 km).

Fig. 1 shows the results of the observations of four
" consecutive days, J uly 28-31. This interval covers the
" period of the 8-Aquarids meteor shower., The sums of the

o photoelectrons obtained in successive 10-km range inter-
i vals are displayed for each night.
i resulting from molecular Rayleigh scattering, permit an
| independent calibration of the apparatus. The noise-level,
i which is represented by photomultiplier dark current and
i sky background, is established by taking the average of

The large initial counts,

© the roturns in the interval 140-180 km, Independent
. Moise measurements taken between laser firings were in
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Fig. 1.  Accumulated photoelectron counts in 10-km range intervalg
for July 28-81, 1963; n is the average noise-level

substantial agreement with those taken from the extreme -
ranges. Since the noise has the character of g Poisson
process, the standard deviation is taken to be 4/n, where
n is the average noise-level count per range-interval ; note
that the peaks obtained on July 30 and 31 exceed the
average noise-level by more than 3 times the standard
deviation.

Many similar sets of data have been collected that show
similar behaviour. Table 1 was compiled after a pre-



Universitat Politénica de Catalunya

Departament de Teoria del Senyal i Comunicacions

1276 NATURE

Table 1. OCCURRENCE OF ECHOES ON NINE NIGHTS OF OBSERVATION
U.T. Tange (km)
(1963) g0 70 80 90 100 110 120 130 140

July 17 X X bg

July 24 X

July 25 X x

July 26 X

July 27 X

July 28

July 29

July 30 X

July 31 X

liminary analysis of 9 days of observation. The X's show

the occurrence of peaks exceeding the average noise-level

by a factor of 3 4/n. The echoes obtained on July 31

correspond to a backsecattering differential cross-section
per unit volume (averaged between 120 and 130 km) of
2-10-1* ¢m-! steradians='.

Tn the absence of independent methods of observation
we cannot say what causes these echoes. However, one is
tempted to compare the lower echoes (~80 km) with
the observed heights of noctilucent clouds. It has been
speculated that more distant echoes (~120 km) corre-
spond to the region of meteoric break-up.
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Fig. 1. Bouguer anomaly map of the Iglands of Rhum, Eigg, Canna
and Sanday in the Inner Hebrides. Contour interval, 5 milligals

Western Isles, and the assumption of a background value
of 10 milligals leaves a positive anomaly of 65-70 milligals
which requires explanation.

The origin of the anomaly can be interpreted in physical
terms by calculating the dimensions and specific gravities
of simple models of the gravitating mass and so obtaining
a range of theoretical structures capable of producing the
observed anomaly. The space form deduced in this way
must not only satisfy the numerical characteristics of the
anomaly, but must also be consistent with what is defin-
itely known of the geological structure in the area.

As a first step it can be shown, by using the formula for a
weint mass. that the anomalous mass has a near surface
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Radar laser

LIDAR: Llght Detection And Ranging

/

Part de I’espectre electromagnetic de longituds d’ona
en el marge visible 0 més o menys proper (tipicament
entre 0.2 um 1 11 pum)

N\

També: * Radar Laser
* LADAR
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TELEDETECCIO LIDAR DE L’ATMOSFERA

Fotonica, electronica i tecnologies de la informacio
per sondejar el medi ambient, el clima i el temps

meteorologic
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e Que és un lidar

e Com esta fet

 Que pot detectar
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Pregunta: per que utilitzar longituds d’ona optiques per al
sondeig de I'atmosfera?

Resposta: Forta interaccio amb particules en suspensio |
constituents atmosferics
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Configuracio basica d’un sistema lidar

YAVIViVIVIVIVIVINVIN

Adaptat de R. M. Measures: “Laser Remote Sensing. Fundamentals and
applications”.John Wiley & Sons, 1984
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E =500mJ
A =532nm
PRF =10Hz
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Configuracio basica d’un sistema lidar

YAVIViVIVIVIVIVINVIN
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Interaccio d’un pols de llum amb I’atmosfera

t=0: el laser comenca
a genergr &ngpols de
[lum de durada t

segons 7
f—)%

Situacio a t=t,

4

c(t, —7)/2

Cel-la que dona lloc a la
retrodispersid que arriba al
lidarat=t,

ct,

Posicid del pols
dellumat=t,
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Interaccio d’un pols de llum amb I'atmosfera
(equacio del lidar)

Exemple de resolucié longitudinal:

Laser de Nd:YAG (A=1064 nm) polsat per
Q-switch: t ~ 10 ns

\

AR~ 15m

/

De fet, hi haura altres limitacions (amplada de
banda del receptor, freqliencia de mostreig del
sistema d’adquisicio...)
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Interaccio d’un pols de llum amb I’atmosfera
(equacio del lidar)

=RAB
N m-3: concentracio de particules
og M?/sr: secci6 recta per NN
unitat d’angle solid VAR
B=cgN m-tsr-i: ZAO\\Y >
cqef. de_ retro- AQ=A/R2
dispersio
R
T\A Densitat de
o T poténcia incident
Qe ] o Po e—jRa(R)dR
\ a: coeficient 2 2 ’
d’extincio /IREAG
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Interaccio d’un pols de llum amb I’atmosfera
(equacio del lidar)
Potencia emesa pel laser en I’interval t: P,

Densitat de P
N | ., e
potencia incident sobre cel-la de resolucio . r2p%g

-J.:a(x) dx

Potencia dispersada des de cel-la de resolucio per unitat
D angle solid:

-2 joRa(x) dx

Senyal “corregit en distancia” P(R)R* «< B(R) e
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La informacio sobre I'atmosfera
esta continguda en els
coeficients optics de
retrodispersio, B(R), | d’extincio,
o(R)

15 de juliol de 2010 — Societat Catalana de Tecnologia — Institut d’Estudis Catalans



&

Universitat Politénica de Catalunya

Departament de Teoria del Senyal i Comunicacions

Exemple: calculs simplificats de potencia rebuda

Emissor: laser Nd: YAG amb freqiiencia doblada
A=532nmE=0.5J

Receptor: telescopi de 20 cm de diametre A,=0.03 m?

Atmosfera: a=0.2 km B=8 x 103 km- sr-! (cel clar)
@ 1 km P,=12 pW
@ 10 km P,=3 nW

Atmosfera: a=1 km* B=102 km-!sr-! (boirina)

@ 1km P,=3 pw
@ 10 km P,=0.5 fwW
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DETECTORS

Tub fotomultiplicador

(PMT) —visible 1 UV Fotodiode d’allau
(avalanche
photodiode (APD)) -
Infraroig
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DETECTORS

PMT APD
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TIPUS DE LIDAR PER A SONDEIG DE
L’ATMOSFERA

o Elastic (retrodispersio Mie i Rayleigh, mateixa A
en emissio I recepcio)

N cas especial: lidar Doppler

e Absorcid diferencial (DIAL) )
* Fluorescencia > sondeig espectroscopic
« Raman

J
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LIDAR ELASTIC
Mesures: &7 .
hy

 Directes: Pols, navols, fums ...
 Indirectes: fenomens de transport,

estratificacio atmosferica, tempera- NIVELL FONAMENTAL
tura en I’alta atmosfera, velocitat+dg, getrodispersio Rayleigh
vents...

retrodispersio Mie

Figures adaptades de R. M. Measures: “Laser Remote Sensing.
Fundamentals and applications”.John Wiley & Sons, 1984
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Lidar per a la mesura d’aerosols

E =350 mJ
A=1064nm
PRF =20Hz
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Lidar per a la mesura d’aerosols

E~160mJ @A =1064 nm
E~160mJ @A =532 nm
PRF =20 Hz
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Lidar per a la mesura d’aerosols

E~120mJ @A =1064 nm
E~100mJ @A =532 nm
E~80mJ@A=355nm
PRF =20 Hz
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Policromador
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Alimentacio de
fotoreceptors,
control i adquisicio
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Lidars multilongitud d’ona

*Objetiu: determinar propietats microfisicas
dels aerosols resoltes en distancia a partir de
mesures dels coeficients optics (extincio i
retrodispersio) a diverses longituds d’'ona

*Requisits minims: 2 coeficients d’extincio
(per exemplea355nm i1 532nmi 3de
retrodispersio (per exemple a 355 nm, 532 nm
| 1064 nm) - standard de EARLINET

*Despolaritzacid dona informacio sobre forma
de les particules
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Senyal “corregit en distancia”

UPG Barcelonha - Lidar Measurements @2 1064nm - 011012 10"
6000 |
12
m-mam |
| Z,
"E4000 2
ry 8 3
3000 ls ﬂé,
1]
o
2000 1
1000 2
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Senyal “corregit en distancia”

UPG Barcelonha - Lidar Measurements @2 1064nm - 011012 10"
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Coeficient de retrodispersio

15 de juliol de 2010 — Societat Catalana de Tecnologia — Institut d’Estudis Catalans



&

Universitat Politénica de Catalunya

Departament de Teoria del Senyal i Comunicacions

Cendres del Eyafjallajokull
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Inversio de coeficients de retrodispersio i d’extincio constreta per
mesura de fotometre solar
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Lidar In-space Technology Experiment (LITE)

Discovery, Setembre de 1994

http://www-lite.larc.nasa.gov/
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Lidar In-space Technology Experiment (LITE)

Teleacope

Lazer Transmiter Module Boresight Assembly

Aft Optica

Instome nt Electionics DARIR-1

Lidar elastic basat en laser de Nd:YAG (1064, 532, 355 nm) (nuvols i
aerosols, densitat i temperatura a I’estratofera)
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CALIOP a bord de CALIPSO (NASA-CNES)
(des d’abril de 2006)

http://www-calipso.larc.nasa.gov/about/payload.php
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CALIPSO - “attenuated backscatter”

http://www-calipso.larc.nasa.gov/products/lidar/
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Lidar Doppler

15 de juliol de 2010 — Societat Catalana de Tecnologia — Institut d’Estudis Catalans



Universitat Politénica de Catalunya

Departament de Teoria del Senyal i Comunicacions

Exemple de mesura amb lidar Doppler

Laser de Tm:YAG, A =2 um, 9 mJ per pols,
durada de pols: 165 ns

MEASURED RADIAL VELOCITY
(POSITIVE AWAY FROM LIDAR)

Le+0p
§.38

e 120°

e 160°

“XHmm=x

=
13
g

0. -

. (KT XD .15 108 0.00 1,08 2,15
.EH- RANGE (km)

; Jun 09 1993 15:31:33

wﬂ

348,773 011.232

R. M. Huffaker, R. M. Hardesty, “Remote Sensing of Atmospheric Wind Velocities Using Solid-State and CO, coherent laser

systems”, Proc. IEEE, vol. 84, 2, pp. 181-204, Feb.1996.
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Lidar Doppler

Aplicacions:
*Meteorologia
*Seguretat aeria:

Cisallament de vent
\/Oortex
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[ Top view ]: :
;3 Range gate #
< e ¢ 5
I C ~l
500 m —|<->| 1200 m
75m
11:26 am 11:34 am

500 m

Velocity dispersion [m/s]
A. Dolfi-Bouteyre et al. IEEE Journal of Selected Topics in Quantum Electronics, vol.
15, pp. 441-450, 2009
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1545nm EVE —
DFB o T T
i Ll !
ASE ASE
II " AOMH = |~ WDM flter filter
Pump EDF1 EYDF1 Pump Pump EYDF2
1x250mwW PM-SM PM-SM 1x2W 4xawW PM-LMA
@ 980nm 3m 3m @ 980nm @ 980nm 3.5m

A. Dolfi-Bouteyre et al. IEEE Journal of Selected Topics in Quantum Electronics, vol.
15, pp. 441-450, 2009
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Lidar Doppler

Esquema de deteccio directa: tecnica de flanc
(edge technique)

Transmissio del
filtre

VotAvy Vo
(rebut) (transmes)
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Esquema de deteccio directa: tecnica

Lidar Doppler .de flanc doble (retrodispersio
5 desplagada i eixemplada per efecte
| iDoppler)
Especfre de la

Transmissio del

filtre retrodipﬁtsada Mi%\/ le/ Mie

iMoIe ular olecular

/ Molecubay /

Filter 1 Filter 2
Vo—Av Yo: 10 VotAv Uencia/l itud
0 desplacament Freguencia/longitu
Doppler d'ona
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ALADIN a ADM-Aeolus (ESA)

Llancament previst 2011
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Lidar de absorcio diferencial (DIAL)

M esures.: NIVELL VIRTUAL

e Directes: concentracio d’espécies - ?LJ&).MNELL EXCITAT
quimiques (SO,, O,, C,H, ,NH,,

CO, COZ’ HCl, HZO’ NO, N2H4’ NZO’ NIVELL FONAMENTAL

SF,, ...)

 Indirectes: temperatura i pressio

Tipus de laser: jL
 Colorant, CO,, excimer, Ti:safir, _

oscil-lador parametric optic (OPO), Ta— /

(b)

Figura adaptada de R. M. Measures: “Laser Remote Sensing.
Fundamentals and applications”.John Wiley & Sons, 1984
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Exemple de mesura DIAL
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Concentracio de SO, mesurada amb un DIAL amb

laser de colorant

F. Molero et al., “Assessment of a DIAL system by comparison with a correlation spectrometer COSPEC V in
SO, mode”, in Spectroscopic Atmospheric Environmental Monitoring Techniques, Klaus Schéfer, Editor,
Proceedings of SPIE vol. 3493, pp. 106-113, 1998.
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Equip DIAL

Laser Ti:safir
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Equip DIAL
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LIDAR RAMAN

NIVELL VIRTUAL

Mesures: X\h,;

e Ni . 1A d’ ACT h NIVELL EXCITAT
D,I re_ctes. concentracio d ESPECIES ¢ VIBRACIONALMENT

quimiques a I’atmosfera (SO,, NO,

CO, HZS’ C2H4’ CH4’ H2CO’ HZO’ Figura adaptada de R. M. Measures:

NZ’ 02' . “Laser Remote Sensing. Fundamentals and
. applications”.John Wiley & Sons, 1984
* Indirectes: temperatura

NIVELL FONAMENTAL

Tipus de laser:

* Rubi (A =694.3 nm, 347.2 nm)

* N, (A =337 nm)

* Nd:YAG (A = 1064 nm, 532 nm, 355 nm)
e Excimer (A~350 nm)

Departament de Teoria del Senyal i Comunicacions
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LIDAR RAMAN

La separacio entre
linies (en 1/A) no
depende la A
d’excitacio i és propia
de I’especie quimica

| L espectre Raman
identifica la molecula

Departament de

Figura de R. M. Measures: “Laser Remote Sensing. Fundamentals and applications”.John
Wiley & Sons, 1984
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LIDAR RAMAN

Concentracio de vapor
d’aigua mesurada amb
un lidar Raman basat en
un laser de Nd:YAG a
355 nm (frequencia
fonamental triplicada).
Radiacio de retorn
desplacada per efecte
Raman a 408 nm)

Goldsmith et al. Appl. Optics 27 (21),
1998
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LIDAR RAMAN

Aplicacio important:

* Mesura dels perfils d’extincio dels aerosols
utilizant la retrodispersio Raman del N,
atmosferic

El perfil del N, amb I’altura es conegut => les
desviacions de la retrodispersido Raman respecte d’un
perfil “ideal” dona la informacié sobre el coeficient
d’extincio

-ZJRa(x) dx

P(R)R* «B(R) e ™
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Senyal Raman corregit en distancia

(unitats arbitraries)
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LIDAR DE FLUORESCENCIA

Tipus de laser:
Colorant, N,(A =337 nm), Ne M

NIVELL EXCITAT

hv

BANDA DE

NIVELLS EXCITATS

= ==

=

hy”

NIVELL FONAMENTAL NIVELL FONAMENTAL

(CY

(b)

Figura adaptada de R. M. Measures: “Laser Remote Sensing. Fundamentals and

applications”.John Wiley & Sons, 1984
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LIDAR DE FLUORESCENCIA

Figura de R. M. Measures: “Laser Remote Sensing. Fundamentals and applications”.John
Wiley & Sons, 1984
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Xarxes de lidars terrestres per a la
mesura d’aerosols

Per que interessa coneixer les distribucions
d’aerosols a la atmosfera?

Els aerosols influeixen en:
- el balancg radiatiu global —
- propietats microfisiques dels nuvols
| precipitacio
- ecosistemes

C Clima <

Meteorologia
Salut de persones i éssers vius
en general
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IPCC 2007
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Xarxes de lidars terrestres per ala
mesura d’aerosols

A European Aerosol Research
Lidar Network to Establish an
Aerosol Climatology

S
o
[

nmlun)

= http://www.earlinet.org/
E |
24 lidars avancats que
treballen de manera
coordinada a través d’
Europa per aplegar
informacio de distribucions
guadridimensionals (espai-
temps) de propietats
d’aerosols.

Jde C

Producte primari: coeficients
optics (extincio i
retrodispersio) a diverses
longituds d’ona)
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Lidars multilongitud d’ona

® Objetiu: determinar propietats microfisiques

dels aerosols (radi efectiu, radi mitja,

concentracio volumica, etc.) resoltes en distancia

a partir de mesures dels coeficients optics

gextincic') | retrodispersio) a diverses longituds
‘'ona

* Requisits minims: 2 coeficients d’extincio (per
exemplea355nmi 532 nm i 3 de retrodispersio
(per exemple a 355 nm, 532 nm i1 1064 nm) -
standard d’'EARLINET

» Despolaritzacio dona informacio sobre forma de
les particules
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Xarxes de lidars terrestres per ala
mesura d’aerosols

GALION: Global Atmospheric Watch (OMM) Aerosol
Lidar Network
Xarxa de xarxes:

Xarxa de lidars llatinoamericana (LALINET)
Asian Dust and Aerosol Lidar Observation Network (AD-Net)
CIS-LINET (Comunitat d’Estats Independents)

Canadian Operational Research Aerosol Lidar Network
(CORALNet)

EARLINET

Network for the Detection of Atmospheric Composition Change
(NDACC) - Global

REALM/CREST (Nordest de America)
MPLNET (Global)
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Resum / conclusions

e Les tecniques lidar son les Uniques tecniques de
teledeteccio atmosferica optica que ofereixen mesures amb
resolucio en distancia.

 Els lidars atmosferics estan assolint un notable grau de
maduresa gracies a la confluencia de progressos en la
tecnologia de fonts de laser, de fotodetectors i d’ordinadors.

 Ventall d’aplicacions provades, en particular en els camps
de la teledeteccio mediambiental, meteorologia i estudis del
clima.

» Tendencies:
Treball en xarxa de sistemes operats des de terra
Sistemes espacials per a monitoritzacio de I’atmosfera a
escala global
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